Introduction
Angiotensin Converting Enzyme (ACE) is a dipeptidyl carboxypeptidase (EC 3.4.15.1) which plays an important role in regulating blood pressure. ACE catalyzes the conversion of angiotensin I (Ang I) to a potent vasoconstrictor angiotensin II (Ang II). 1, 2 Therefore, ACE activity leads to a considerable increasing in Ang II concentration. As a result, taking ACE inhibitors such as captopril and enalapril is one of the most popular therapeutic principles in management of hypertension and heart failure. [3] [4] [5] [6] It is well established that ACE is a transmembrane peptidase in various epithelial and neuroepithelial tissues such as the brush borders of placenta, kidney, intestine and choroid plexus. Moreover, ACE has been found in various areas of the brain and the male genital tract. 7, 8 Therefore, there is an increasing need to monitor ACE activity using simple, economical, and practical methods. Until now, determination of ACE activity has been performed with the aid of either the physiological substrate, Ang I, or various synthetic analogues such as hippuryl-histidyl-leucine (HHL), 9 N-(3-[2-furylacryloyl)-Phe Gly-Gly (FAPGG), 10 Hip-GlyGly (HGG), 11 etc. The procedures have been established based on chromatographic, 10, 12 spectrophotometric, 9,13,14 spectrofluorimetric 15,16 and radiochemical techniques. 17 However, these methods suffer some limitations: (a) tedious procedure for the synthesis of substrate is usually required, (b) some enzymatic products do not show sufficient and sensitive analytical signals in the assay, (c) expensive reagents are required, and (d) time consuming extraction procedures prior to the analysis are necessary in order to remove interferences and also to concentrate the analyte. Therefore, to overcome the above mentioned difficulties, novel procedures to determine ACE inhibition activity are still essential. In the present work, NGGG was synthesized as a new substrate for the ACE assay. The analytical responses of NG as the enzymatic product and as a sign of the reaction rate were studied in detail. The ACE activity was evaluated by determining the hydrolysis
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Background: Several in vitro assays are used to determine Angiotensin Converting Enzyme (ACE) activity. The purpose of the present investigation, was developing a practical and extraction-free chromatographic method to determine ACE activity.
Methods:
The method relies on UV-detection of Naphthoyl-glycine (NG), which is resulted from enzymatic hydrolysis of the synthetic substrate, Naphthoyl-glycyl-glycylglycine (NGGG), applying a reverse phase chromatographic separation. In this regard, experimental conditions for the assay such as Enzyme/Substrate (E/S) ratio and incubation time were optimized. Chromatographic separation was performed on a reverse phase C18 column (250 × 4.6 mm), using a mobile phase consisting of acetonitrile/water (20:80, v/v), pH = 5.0 with a flow rate of 2.0 mL/min and a detection wavelength of 280 nm.
Results:
The optimized Enzyme/Substrate (E/S) ratio and incubation time were 10 mU/nmol and 35 min respectively. The results indicated that the calibration curve was linear (r2 = 0.994) and the average recovery (n = 6) of NG was 99.5 ± 1.3% (mean ± RSD).
Conclusion:
In this study, we introduced a method which is an efficient approach to determine ACE activity due to its sensitive, accurate, and reliable performance with great repeatability. rate of substrate, NGGG, applying reverse phase high performance liquid chromatography (RP-HPLC) with UV detection.
Materials and methods
Chemicals ACE from rabbit lung was purchased from Sigma Chemical Co.
(England). Captopril, 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES), 2-naphthoyl chloride, ammonium sulfate, glycyl-glycine (gly-gly), ethyl acetate, ethyl glycinate hydrochloride, hexan, hydrochloric acid (37%), 2-propanol, tetrahydrofuran (THF), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), ethylenediaminetetraacetic acid (EDTA), lithium hydroxide, sodium hydroxide, N-hydroxysuccinimide (NHS), sodium bicarbonate, HPLC grade acetonitrile, and glacial acetic acid were purchased from Merck Co. (Germany). Deionized water was used for preparation of all aqueous solutions.
Apparatus
HPLC Analysis was performed on RP-HPLC system (Knauer, Germany) with a Eurospher C 18 column (250 × 4.6 mm) which is protected by a pre-column (30 × 3.9 mm). The system was equipped with a solvent delivery system pump (Smartline pump 1000), Rheodyne sample injection valve (Model 7725i) with 20 µl sample loop, and a Smartline PDA detector 2850.
Peak areas were calculated using a Chromgate software version 3.3. An Eppendorf thermomixer (Germany) was used for performing enzymatic reactions.
Synthesis of Naphthoyl-glycyl-glycyl-glycine
In order to naphthoyl-glycyl-glycine (NGG) synthesis (Figure 1 ), gly-gly (GG) (1.5 g, 12 mmol) was dissolved in minimum amount of water. Then sodium hydroxide solution (10 mmol) and 2-naphthoyl chloride (2.28 g, 12 mmol) was gradually added to the solution, followed by stirring at room temperature for 30 min. After the end of the reaction, concentrated HCl (5 mL) was added to the reaction mixture and the precipitated product was separated by filtration. The crude product of NGG was recrystallized from 2-propanol and characterized by spectroscopic methods. In the next step, the mixture of NGG (1 eq), EDC (1.1 eq) and NHS (1 eq) in acetonitrile were reacted at room temperature for 1 h. Then ethyl glycinate (which had been reacted with sodium bicarbonate 15% solution) was added to the reaction mixture and stirred for additional 2 h. The precipitated product was filtered and the pure product, NGGG was obtained by recrystallization from 2-propanol. At the final step, the latter product was hydrolyzed by LiOH in THF/MeOH (1:1). After the end of the reaction, the aqueous solution of HCl (5%) was added dropwise in order to obtain the pH = 4. Then the solvent was evaporated under reduced 
Synthesis of 2-naphthoyl-glycine (Naph-gly)
The Naph-gly was prepared according to a literature procedure. 18 Briefly, 2-naphthoyl chloride (0.57 g, 3.03 mmol) and glycine (0.25 g, 3.03 mmol) were stirred in the presence of NaOH (0.12 g, 3.03 mmol) in aqueous CH 3 CN (CH 3 CN/ H 2 O : 2mL/ 5mL) at room temperature. After 1 h, the organic solvent was evaporated, washed with aqueous HCl (6 M), and extracted with EtOAc. The organic layer was then washed with brine, dried over MgSO 4 and recrystallized from EtOAc/hexane to yield NG as white cocrystals (0.48 g, 68 %); mp 150.0-151.0 °C.
Determination of ACE activity using Naphthoylglycyl-glycyl-glycine as the substrate
To 25 µL of HEPES buffer (5 mM HEPES and 300 mM NaCl; pH=8.3), 25 µL of ACE solution (80 mU/mL) was added and then preincubated at 37 ºC for 3 min. After that, 25 µL of substrate solution (9 µM) was added to the mixture to start the reaction. After 35 min incubation at 37 ºC, the reaction was stopped by adding 50 µL of EDTA solution (0.93 g EDTA and 23.83 g HEPES; pH=9). Then the mixture was filtered through a 0.2 m filter prior to application to the HPLC column. The mobile phase was an isocratic system consisting of acetonitrile/water (20:80, v/v). The pH of the mobile phase was adjusted to 5.0 by adding 1.0 mL glacial acetic acid per liter of the mixture. The injection volume was 20 µL and the flow rate was 2.0 mL/min. The final hydrolyzed product (NG) was detected at 280 nm (Figure 2 ). In the presence of the inhibitor (captopril), 25 µL of the inhibitor solution was used instead of 25 µL of HEPES buffer solution. To determine the IC 50 value, 25 µL of HEPES buffer solution was replaced with 25 µL of captopril solution in different concentrations in the assay procedure.
ACE activity measurement
The percent of ACE activity could be calculated according to the equation below:
Where AUC inhibitor and AUC control are the Area Under Curve of the NG peak in the presence of inhibitor and that of the control sample (absence of the inhibitor), respectively.
Results and Discussion
Optimization of the HPLC conditions
In order to optimize the chromatographic conditions, several experiments were performed under different conditions including acetonitrile/water (20:80, v/v) at pH 5.0 as the mobile phase and the flow rate of 2.0 mL/min. The retention times were approximately 5.3 and 7.3 min for NGGG and NG, respectively.
Calibration curve for Naph-gly standard solutions Different concentrations of NG (0.05, 0.15, 0.30, 0.45, 0.60 mM) were injected into the HPLC system and the calibration curve was evaluated. In this range, the analytical signals indicated good linearity (r 2 = 0.994). The average recovery (n = 6) of 0.45 mM NG was 99.5% with relative standard deviation (RSD), 1.3%.
Choice of substrate
In general, choosing the substrate in the assay is an important step in order to evaluate the enzymatic activity. For the best selection, different points should be considered: (i) sensitivity, (ii) time of analysis, and (iii) cost of the reagents used for the synthesis of substrate. NGGG as a new substrate was cleaved by the enzyme into NG and GG and the resulted product, NG, was analyzed by RP-HPLC. NG and the unreacted substrate was separated under the chromatographic conditions with retention times of 5.3 and 7.3 min for NGGG and NG, respectively.
Optimal conditions for the enzymatic assay
The reaction rate is dependent on some parameters such as Enzyme/Substrate (E/S) ratio and incubation time. Therefore, the above mentioned parameters were optimized for ACE assay of the new substrate.
E/S ratio
Regarding to E/S ratio optimization, different ratios of E/S were examined with incubation time of 30 min (0.6, 3, 9, 15 mU/nmol E/S). The results confirm that the ratio of 10 mU/nmol is the optimum ratio of the E/S for the substrate NGGG.
Optimization of incubation time
To optimize the incubation time and repeatable reaction results, various incubation times (15, 25, 35, 45 , 60 min) were examined using the optimum E/S ratio (10 mU/nmol). Therefore, 35 min was selected as an optimum reaction time for hydrolysis of substrate (NGGG) by ACE (Figure 3) .
Determination of ACE-inhibition activity of captopril and calculation of IC50
The IC 50 value of captopril was determined from doseresponse curve using Graphpad software, Prism 5. In this way, IC 50 value for captopril was 15 nM. The results obtained in this experiment were summarized in Table 1 
Conclusion
In this work, NGGG was synthesized as a new substrate for ACE activity determination applying HPLC. The substrate and the hydrolyzed product were separated under optimized conditions with retention times 5.3 and 7.3 min for NGGG and NG, respectively. Under the optimum experimental conditions, E/S ratio was defined as 10 mU/nmol and incubation time as 35 min. The sensitivity of the assay was confirmed through obtained IC 50 value of 15 nM for captopril. These results show a good improvement in performing ACE assay in comparison with previous reported ones in terms of sensitivity of the assay, absence of interferences, reagent costs and the easy substrate synthetic procedure. The obtained results revealed that the new substrate and developed method is an efficient approach for determination ACE activity due to its sensitive, accurate, inexpensive and reliable performance.
